A new species, BaciZZus naganoensis, is proposed for an obligately aerobic, moderately acidophilic, endospore-forming bacterium that produces a thermostable, aciduric pullulanase (EC 3.2.1.41). The organism was isolated from soil by selection on solid, pullulan-containing medium at pH 4.0 and 30°C. The isolate required a medium pH of less than 6.5 for growth initiation. Fatty acid composition studies revealed that the major fatty acid of cells grown in nutrient broth supplemented with 1 % starch was 14-methylpentadecanoic acid (iso-C,,) at 45 mol%. The guanine-plus-cytosine content of the DNA of this organism was 45 f 2 mol%. A type culture has been deposited with the American Type Culture Collection, Rockville, Md., as strain ATCC 53909.
202-1 (17), "Bacillus acidopullulyticus" (lo), Bacillus cereus
subsp. mycoides (23) , Bacillus macerans (l), Bacillus p l ymyxa (9) , and Bacillus stearothermopkilus (13, 22) . Of these, only the "B. acidopullulyticus' ' pullulanase has properties that allow its use in industrial saccharification processes.
In our search for a pullulanase that could operate under conventional glucose-manufacturing conditions (i .e., pH 4.3 and 60"C), we assumed that bacteria capable of growth at low pH values or high temperatures or both would produce aciduric or thermostable enzymes. In this paper, we describe the isolation and characterization of a mesophilic, moderately acidophilic bacterium, designated Bacillus naganoensis, that makes a pullulanase with desirable acid and temperature stability characteristics.
MATERIALS AND METHODS
Media and cultivation conditions. Our initial screening medium (plate 1 medium) contained (per liter of distilled water) 1 g of yeast extract (Oxoid Ltd., Basingstoke, Hampshire, England), 2 g of tryptone (Difco Laboratories, Detroit, Mich.), 1 g of (NH,),SO,, 0.3 g of KH,PO,, 0. (20) , and 7.5 g of red-colored pullulan. The pH was adjusted with 0.2 N sulfuric acid to pH 4.0. The color of the plates was dark violet. Incorporation of the two colored substrates into the plate medium allowed for preliminary selection of organisms which (i) produced aamylases (enzymes that hydrolyzed the blue-colored starch but not the red-colored pullulan, leaving a red background around a colony); (ii) produced pullulanases (enzymes that hydrolyzed the red-colored pullulan but not the blue-colored starch, leaving a blue background around a colony); or (iii) produced both a-amylases and pullulanases (enzymes that hydrolyzed both the blue-colored starch and the red-colored pullulan, leaving a clear zone of hydrolysis around a colony) * Corresponding author. (12) . Red-colored pullulan was prepared by dissolving 100 g of pullulan PFlO (Hayashibara Co., Ltd., Okayama, Japan) in 2 liters of distilled water. The solution temperature was increased to 50"C, and 10 g of Mikacion Brilliant Red 5BS (Mitsubishi Kasei Co., Ltd., Tokyo, Japan) and 100 ml of 10% Na,PO, were added. After a 75-min incubation, the colored pullulan was precipitated by adding 1,600 ml of ethanol (99.5%) and collected by decantation. The precipitate was washed twice with 60% ethanol, washed once with 99.5% ethanol, and air dried.
The secondary screening medium (plate 2 medium) contained the ingredients described above except that amylopectin (10 g/liter) was substituted for the soluble starches and colored pullulan. Pullulanases hydrolyze the a-1,6 linkages of amylopectin, releasing long amylose chains. Amylose has a greater affinity for iodine than does amylopectin; thus, pullulanase activity can be detected by exposing plates to iodine vapors. A pullulanase-producing colony is surrounded by a dark blue zone, which is distinguishable from the light purple-stained background of unhydrolyzed amylopectin (G. C. Nielsen, I. V. Diers, H. Outtrup, and B. E. Norman, U.S. patent 4,560,651, December 1985). The pH values of both plate screening media were adjusted with 0.2 N sulfuric acid to 4.0.
Growth characterization. To determine the optimum temperature and pH for growth initiation, the organism was inoculated from a slant culture grown on plate 2 medium (pH 5.0) for 40 h into tryptic soy broth (Difco) containing 1% soluble starch or into the same medium amended with (per liter) 1 g of (NH,),SO,, 0.3 g of KH,P04, 0.2 g of MgSO, . 7H,O, 0.2 g of CaCl, . 2H,O, 10 mg of FeSO, 7H,O, and 1 mg of MnC1,. 4H20. The pH values of the media were adjusted with 4 N sulfuric acid. Growth was followed by determining values for optical density at 660 nm (OD,,J, using a model DU-7 spectrophotometer (Beckman Instruments, Inc., Fullerton, Calif.). Dilutions were made in phosphate-buffered saline (0.85%) to give OD,, readings ranging from 0.1 to 0.4.
Biochemical characterization. Biochemical tests with the isolate were performed by using the procedures of Gordon et al. (8) , except that media were prepared at a pH of 5.5 (adjusted with 0.2 N sulfuric acid). Measurements of pH were used to assess acid production from sugars and organic acid utilization. To determine the fatty acid profile, the isolate was grown in nutrient broth supplemented with 1% starch (pH 5.5) at 33°C for 24 h. The fatty acids were analyzed by using the procedures of DeBoer and Sasser (4). DNA base composition. High-molecular-weight DNA was prepared from lysozyme-treated cells by the method of Maniatis et al. (15) . The guanine-plus-cytosine content was determined by thermal denaturation measurements (14) .
Pathogenicity testing. The pathogenicity potential of the strain was tested in BALB/c mice as described by Reed and Coggin (19) . Cells were grown in tryptic soy broth (pH 5.5) at 33°C for 24 h. Direct cell counts were obtained by using a Petroff-Hauser chamber, and 10-fold dilutions of the broth culture were made and introduced into the mice via oral or intraperitoneal routes (eight mice per group). Challenge doses as high as lo7 cells were administered. Animals were observed for 21 days and then examined postmortem.
RESULTS AND DISCUSSION
Isolation. A soil sample collected in the Kiso district of the Nagano Prefecture in Japan was suspended in sterile water (2 g of soil per 10 ml of water). A 0.1-ml portion of the suspension was spread onto plate 1 medium and incubated at 30°C. Discrete colonies which showed blue zones (i.e., were capable of hydrolyzing pullulan but not the straight-chain linkages of starch) were picked as presumptive pullulanase producers and transferred to plate 2 medium. Isolates which hydrolyzed the branched chains of amylopectin (i.e., showed blue zones surrounding the colonies on exposure to iodine vapors) were considered to be confirmed pullulanase producers. The pullulanase enzymes of these isolates were examined for temperature and pH stability (data not shown). One culture, designated D39, was found to produce a pullulanase of interest.
Morphology. Cells of strain D39 were rod shaped (0.5 to 1.0 by 2.1 to 10.0 pm) and occurred singly or in chains. The ends of the cells were rounded or square. The isolate was gram positive, as determined by conventional staining techniques. The endospores of this organism were oval and subterminally located and caused the sporgania to swell. No parasporal crystals were observed. Colonies were opaque, smooth, glistening, convex, and circular with entire margins. Colonies reached 2 to 3 mm in diameter after incubation for 3 days on plate 2 medium.
Growth characteristics. The isolate did not grow under anaerobic or microaerophilic conditions. Optimum aerobic growth in tryptic soy broth containing 1% soluble starch occurred at 28 to 33°C; no growth occurred at 20 or 45°C after 4 days of incubation. Growth took place when the initial pH of the medium was 4.1 to 6.0. The pH optimum varied somewhat depending on the medium. When the organism was grown at 33°C in tryptic soy broth containing 1% starch, the optimum pH was 5.5; however, the maximum cell density was relatively low (OD,,, 4.2). When the organism was grown in the same medium supplemented with a mixture of inorganic salts (see Materials and Methods), the optimum pH for growth initiation was 4.7 to 5.2, and the OD, , increased fivefold (OD,,,, 21).
Physiological and biochemical properties. The following tests were negative: motility; hydrolysis of gelatin or casein; utilization of citrate or propionate; growth in the presence of 5% NaCl or 0.02% sodium azide; Voges-Proskauer reaction; indole or dihydroxyacetone production; decomposition of tyrosine or hippurate; lecithinase; anaerobic growth; deamination of phenylalanine; and reduction of methylene blue, nitrate, or nitrite. The following tests were positive: catalase; starch hydrolysis; growth in the presence of 2% NaCl; and growlh at pH 6. Neither NaCl, KC1, allantoin, nor urate was required for growth. No gas was produced from glucose.
The isolate produced acid from the following carbohydrates, but only after at least 14 days of growth: L-arabinose, D-xylose, D-glucose, mannitol, and lactose (weakly). No acid was produced from sucrose. The fatty acid composition of the cells was as follows: iso-C14, 17 mol%; iso-ClS, 20 mol%; anteiso-C,,, 11 mol%; iso-C,,, 45 mol%; n-C1,, 1 mol%; iso-C,,, 2 mol%; and anteiso-C,,, 4 mol%. No unsaturated fatty acids were detected.
Pathogenic potential. Immediately following injection, mice challenged intraperitoneally with 10, or more cells showed slight to moderate distress, as evidenced by ruffled fur and huddling together of cage occupants. Within 24 h all mice appeared to recover. No effects were seen in other groups. After the 21-day holding period, animals were sacrificed; no abnormalities were seen at necropsy. We concluded that the isolate was nonpathogenic and nontoxicogenic in mice under the conditions of the test.
Description of Bacillus naganoensis sp. nov. Bacillus naganoensis (na. ga. no. en' sis. M. L. gen. n. naganoensis, of Nagano, a Japanese Prefecture). Cells are rod shaped (0.5 to 1.0 by 2.1 to 10.0 pm) with rounded or square ends and occur singly or in chains. Aerobic metabolism. Nonmotile. Gram positive. The endospores are oval and cause swelling of the sporangia. Parasporal crystals are not formed. Colonies, about 2 to 3 mm in diameter, are opaque, smooth, glistening, convex, and circular with entire margins. Moderate acidophile; the pH range for growth is about 4.0 to 6.0. Growth occurs optimally at 28 to 33°C and does not occur at 20 or 45°C. Produces acid (after >14 days of incubation) from L-arabinose, D-xylose, D-glucose, D-mannitOl, and lactose (weakly). No gas is produced from glucose. Starch hydrolysis, catalase, and growth in the presence of 2% NaCl are positive. Gelatin hydrolysis, casein hydrolysis, growth in the presence of 5% NaCl, phenylalanine deaminase, lecithinase, indole, Voges-Proskauer reactions, citrate utilization, and propionate utilization are negative. Does not decompose tyrosine or hippurate or produce dihydroxyacetone from glycerol. Reduction of methylene blue, reduction of nitrate to nitrite, and reduction of nitrite to NO, are negative. The major fatty acid of the isolate grown in nutrient broth containing 1% starch is iso-C,, (about 45 mol%). The guanine-plus-cytosine content is 45 2 2 mol%. A subculture of B. naganoensis has been deposited in the American Type Culture Collection, Rockville, Md., as strain ATCC 53909; this is the type strain by monotypy.
Characteristics which distinguish B . naganoensis from related bacteria. At present, aerobic, endosporeforming, rodshaped bacteria are classified in the genus Bacillus (3), which contains 33 species on the Approved Lists of Bacterial Names (21) , as well as several recently described species (2, 5-7, 16, 18) . Only five of these species are similar to B. naganoensis in that they are strict aerobes that produce oval spores which cause the sporangium to swell ( The fatty acid content of B. naganoensis appears to be unique. Kaneda (11) has divided the genus Bacillus into six groups based on the predominant fatty acids and the range of fatty acid chain lengths. B. naganoensis produces fatty acids with chains of 14 to 17 carbon atoms, a characteristic of four of the six groups; however, the predominant fatty acid of B . naganoensis is iso-C,, (approximately 45 mol%). None of the groups of Kaneda have iso-C,, as the predominant fatty acid; thus, B . naganoensis is novel in its fatty acid composition.
B . naganoensis is different from the previously described pullulanase-producing Bacillus strains. Bacillus sp. strain 202-1 is an obligately alkalophilic organism (17) ; B . cereus is a Voges-Proskauer-positive, facultative anaerobe ( 3 ) ; B . macerans and B . polymyxa are facultative anaerobes that do not produce oval spores ( 3 ) ; and B . stearorhermophilus is an obligate thermophile that does not produce oval spores and does not grow at a pH value less than 6 ( 3 ) . B. naganoensis and "B. acidupullulyticus" differ in their ability to cause sporangia to swell and in their ability to reduce nitrate (10) . Furthermore, an analysis of the fatty acids from " B . acidopullulyticus' ' showed that this organism produces fatty acids with chains of 12 to 17 carbon atoms and that the predominant fatty acid is iso-C,, (data not shown). This places "B. acidopullulyticus" in group E of Kaneda (11) .
